Radio frequency waves used for heating and current drive in magnetic confinement experiments must traverse the scrape-off-layer (SOL) and edge plasma before reaching the core. The edge and SOL plasmas are strongly turbulent and intermittent in both space and time. As a first approximation, the SOL can be treated as a 
I. Introduction
Ion cyclotron range of frequency (ICRF) waves and lower-hybrid (LH) waves have been successfully employed for heating and current drive in magnetic confinement experiments for many decades. These radio-frequency waves must traverse the scrapeoff-layer (SOL) and edge plasmas before they can perform their intended functions in the core plasma.
Most present day numerical rf codes treat the propagation of the waves through the edge and SOL plasmas in relatively simple linear models in which the background plasma is steady state, laminar, and one dimensional (varying only in the flux coordinate). In reality, this tenuous plasma is strongly turbulent and intermittent in both space and time. 1 A typical auto-correlation time scale for turbulent structures is on the order of 10 µs, and the correlation lengths are on the order of 1 cm in the direction perpendicular to the background magnetic field B 0 , and much longer, perhaps 10 m or more parallel to B 0 . Furthermore, fluctuation amplitudes in the far SOL are of order unity and are dominated by intermittent convection of blob-filaments and edge-localized modes (ELMs). 2, 3 These filamentary structures, which we will refer to simply as "blobs" in the following, consist of flux tubes containing denser plasma than the background.
The excess density can exceed that of the background by factors much larger than unity.
Relative to the short rf period for ICRF and LH waves (<< 1 µs), the turbulent structures are frozen in time, but present a spatially intermittent SOL to the waves.
It is to be expected that propagating waves would scatter off of the plasma fluctuations. Indeed there is both experimental evidence for such scattering, 4, 5 and previous theoretical treatments of the problem. [6] [7] [8] The standard theoretical paradigm has been to model the fluctuations as a randomized spectrum of plane wave perturbations superimposed on a background plasma. Then the trajectory of the waves in configuration and k-space, upon encountering many scattering events, can be treated in a FokkerPlanck approximation. This approach has provided many useful insights.
In the present paper we take a somewhat different and complementary approach, motivated by recent advances in SOL turbulence and blob dynamics. 2, 3 Specifically we consider the interaction of an rf wave with a single blob-filament. This limit is particularly interesting for the far SOL, where the blob events are large but rare and therefore relatively isolated from each other.
To model this situations, in this paper, we compute the scattering of a plane wave from a cylinder of higher (or perhaps lower) constant density plasma, i.e. a blob (or "hole"). The geometry is shown in Fig. 1 . The primary quantity of interest is the scattered power and its spatial distribution, i.e. the total and differential scattering crosssection or width. (Because of assumed symmetry along the axis of the cylinder, the scattering width is just the scattering cross-section per unit length). The calculation is a generalization of the classical problem of scalar wave scattering from a metal cylinder that is treated in standard textbooks. 9 Here, however, we must address the complications introduced by vector wave-fields, the anisotropic magnetized plasma dielectric tensor, and electromagnetic matching conditions across the interface between the blob and background plasma. Nevertheless, as we shall see, the problem is still amenable to a treatment in terms of Bessel and Hankel functions.
Two cases are considered: (i) an incident fast wave (FW) (motivated by ICRF applications), and (ii) an incident slow wave (SW) (motivated by LH applications). The formalism is discussed in Sec. II and in the Appendices, while the applications to the FW and SW are discussed in Secs. III and IV respectively. Conclusions are given in Sec. V. 
II. Scattering formalism
In order to calculate rf scattering from blobs in our model, it is necessary to solve the FW and SW equations in cylindrical geometry, (r, θ, z) with the background magnetic field B 0 = B 0 e z along the axis of the cylinder. For a homogeneous plasma, the FW and SW are normally decoupled when ε || >> ε ⊥ where the cold-fluid dielectric tensor is represented as
where b = B 0 /B 0 = e z . For the present range of applications to ICRF and LH waves in the low density SOL plasma, the following approximations are adequate:
where ω pi , ω pe
and Ω i are the ion plasma, electron plasma and ion cyclotron frequencies respectively.
The reduced wave equations for the FW and SW in cylindrical geometry are derived in Appendix A.
For the FW, which obeys the ordering ε || >> ε ⊥~2 n ⊥~2 || n , the decoupling of FW and SW amounts to neglecting E z to obtain
The next step is to find general solutions to these FW and SW equations in cylindrical geometry for a given m and k || , i.e. we seek the radial structure of the modes.
A solution of Eqs. (2) and (3) or (4) and (5) is deferred to Appendix B where it is shown that the general solution of these equations takes the form
Here, the index j denotes the wave type (incident field, scattered field, or field internal to the blob) as well as the branch of wave (FW or SW), the 
Metallic blob limit
A simple illustrative example is obtained by considering the somewhat extreme case of a high-density "metallic" blob which satisfies ξ b >> 1, while retaining the realistic ordering in the background plasma that the FW wavelength is much longer than the blob radius ξ << 1. As the blob density is raised relative to the background, k ⊥b / k ⊥ becomes a large parameter. Taking this parameter asymptotically large results in M 3
becoming large relative to the other terms. As a result E 3 /E 0 → 0 (i.e. the fields vanish within a good conductor) and E 1 is approximated by
Then taking the subsidiary limit ξ << 1, after some algebra employing the small argument expansions of W jθ , we obtain leading order contributions from m = 0, ±1 with the result
where the purely real quantity Q i ≡ −iQ and Q was defined after Eq. (7). Larger |m| gives higher order terms in ξ (e.g. m = 2 yields E 1 ~ ξ 4 ) which may therefore be dropped.
For the scattered power, we need the asymptotic form of E θ for the scattered wave
From the expansion of the incident plane wave given in Appendix B,
where the incident wave |E y | 2 is normalized to unity. Thus
Using Eqs. (15) - (17), the effective scattering width is then obtained as
The scattered power fraction is
so even in the extreme case f p ~ 1 and kL x ~ 1, the scattered power is small in the parameter ξ 2 = k 2 2 b a . We conclude that the metallic blob does not scatter the FW significantly.
Normal blob limit
Next, we consider the more realistic ordering ξ ~ ξ b << 1. Expanding in both ξ and ξ b results in the leading order terms
As a check, we see that E 1 = 0 and E 3 = 1 for ξ = ξ b and Q = Q b (i.e. "blob"
indistinguishable from background). In order of magnitude, we have
so that E 1 /E 0 ~ O(ξ 2 ) still holds, just as in the metallic blob limit. As a result the scattering width is also small in the present case.
Scattering-induced mode conversion
When k s >> k f , where subscripts s and f refer to the SW and FW respectively, the SW amplitudes may be determined perturbatively from
where use has been made of the fact that E z for the FW is negligible. Solving these equations yields
where the FW driving source term is
When the denominator vanishes, i.e. when
we have a slow wave scattering resonance (SWSR). The perturbation theory clearly breaks down at such points, but they are nonetheless expected to define points of In particular for the case of ξ bs real, the RHS is qualitatively tan-like covering the range (−∞, ∞) and will admit solutions when the argument ξ bs is of order unity or larger. Such a solution corresponds to a SW-blob "bound state". Normally, SW propagation in the blob, but evanescence in the background will require that the "blob"
have lower density than the background, and is thus not a blob but a "hole". Thus we conclude that SWSR can occur when a hole is large enough to admit one or more SW wavelengths. In practice isolated holes are not likely to occur in the SOL, but the implication is that there could be FW → SW conversion at the turbulent edge of the plasma when the turbulence scale size is comparable to the SW wavelength.
In the absence of a SWSR, the validity condition for the perturbation expansion can be determined by demanding a typical SW term in the E θ equation be small compared with a typical FW term, e.g. to the FW, we obtain the 2 × 2 system of equations
with coefficients given in Appendix D. The solution is
Typical parameters for LH waves in the SOL suggest that plasma effects enter mainly through ε || , i.e. ε ⊥ ≈ 1 and ε × << 1 which is the limit considered in the following.
In this case, the scattered slow wave is given by
Note that For ξ = ξ b , E 1 vanishes as it should. For clarity in the next steps, we revert to a more explicit notation
and here the incident wave is normalized with E z = 1. regime the SW is a backward propagating mode. However, as discussed in Appendix E, this fact is inconsequential for the scattering solutions.
Metallic blob limit
As in the FW case, some useful insights are gained by first considering the 
It is also straightforward to treat the insulating blob limit (ξ b = 0) analytically.
Note the scaling σ ~ 1/k ⊥ in this long-wavelength metallic blob limit, independent of the blob size.
LH scattering: long wavelength limit
In general, the (far-field) long-wavelength regime is obtained when ξ << 1 without demanding large ξ b . As an example, the scattering width for ξ = 0.1 and varying values of ξ b is shown in Fig. 2 . Note that a typical value of σ is of order 1/k ⊥ not a b (i.e. The field pattern for ξ b = 0.9 is shown in Fig. 3 . The differential scattering width (not shown) is essentially independent of θ, but interference of the scattered and incident waves occurs, giving rise to the observed pattern. 
LH-blob scattering resonance

V. Conclusions
In this paper we have investigated rf scattering from isolated field-aligned cylindrical blob-filaments. While the formalism presented in Sec. II is for the most part Scattering of an incident slow wave is found to be significant, as expected from previous work that employed a density fluctuation formalism. [6] [7] [8] Since the SW wavelength for LH waves can be order-of-magnitude comparable to the size of turbulent blob structures, various regimes of the critical parameter ξ = k ⊥ a b are of interest. A typical value of the scattering width σ is the larger of 1/k ⊥ and a b . In particular, for small ξ << 1 the blob perturbs the rf fields on a space scale of the order of a wavelength, even though the blob radius is much smaller (Fig. 3) . The ξ << 1 regime is very different for SWs than for FWs (where scattering is negligible) because of the wave polarization.
Other scattering phenomena were also demonstrated, including the existence of slowwave scattering resonances (Figs. 2 and 4) , and for ξ >> 1, rf-wave shadowing (Fig. 5) and small-angle forward scattering.
The present calculations only treat the single-blob limit. If the packing fraction of the blobs is sufficiently dense relative to the wavelength, then scattering from several near-by blobs can be correlated and the approach taken here breaks down. While the single blob limit is of interest in the far SOL, the many-blob-hole limit would be expected to apply closer in towards the separatrix. Results here suggest that a numerical investigation of LH blob scattering, and of ICRF blob scattering retaining induced mode conversion, would be interesting. Finally, in addition to rf physics applications such as power loss and edge interaction, rf blob scattering may be of interest as a tool for diagnosing turbulent structures in the edge and SOL plasmas.
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Appendix A: Fast and slow wave equations in a cylinder
In this appendix, we obtain reduced wave equations for the FW and SW in cylindrical geometry. The starting point is the wave equation 
The complete wave equation in cylindrical coordinates therefore has the components
FW equations
The FW ordering ε || >> ε ⊥~2 n ⊥~2 || n implies that ε || is the largest parameter in the problem, therefore Eq. (A5) renders E z negligible in lowest order. The remaining equations can be manipulated to obtain
SW equations
The SW ordering is 
FW equations
Consider an incoming plane FW with k y = 0. In Cartesian coordinates, the FW electric field vector has the polarization 
which applies to both incoming (k x , E y ) and scattered (k r , E θ ) waves. Since the plasma dispersion is the same, incoming and scattered waves also have the same k ⊥ = k x = k r .
The incoming incident power is
where L y and L z are the dimension of the incoming rf beam. The scattered power is 
Incident slow waves
Bessel coefficients are given here for the case of incident and scattered SWs. SW to FW conversion coefficients are not given here, so an unadorned k denotes the SW root for k ⊥ and the index j = 0, 1, 3 is as described in Eq. (8) 
Appendix E: Backward propagation and the slow wave
In some regimes, notably the tenuous plasma regime discussed in the main text, the SW is a backward propagating mode, i.e. the phase and group velocities are in opposite directions. In this case, the incident wave that carries energy in the positive x direction has k x < 0. This can be taken into account in the formalism in several ways.
The most straightforward is to rewrite all results using k ⊥ = −k x and an incident wave of Physically this invariance is because the scattering problem does not follow the waves in time (we can examine the solutions at the time -iωt = 0) so the effect of positive or negative k x enters as a complex conjugation operation which does not affect the physical field ~ Re(E).
